A natural consequence of the galaxy formation paradigm is the existence of supermassive black hole (SMBH) binaries. Gravitational perturbations from a massive far away SMBH can induce high orbital eccentricities on dark matter particles orbiting the primary SMBH, via the eccentric KozaiLidov mechanism. This process yields an influx of dark matter particles into the primary SMBH ergosphere, where test particles linger for long timescales. This influx results in high self-gravitating densities, forming a dark matter clump extremely close to the SMBH. In such a situation, the gravitational wave emission between the dark matter clump and the SMBH is potentially detectable by LISA. If dark matter self-annihilates, the high densities of the clump will result in a unique co-detection of gravitational wave emission and high energy electromagnetic signatures.
I. INTRODUCTION
The hierarchical nature of the galaxy formation paradigm suggests that major galaxy mergers may result in the formation of supermassive black hole (SMBH) binaries [1] [2] [3] [4] . While observations of SMBH binaries are challenging, there are several confirmed systems and observed binary candidates with sub-parsec to tens to hundreds of parsec separations [e.g., [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore, several observations of active galactic nuclei pairs with kpc-scale separations have been suggested as SMBH binary candidates [e.g., [20] [21] [22] [23] [24] [25] [26] . Numerical experiments for spheroidal gas-poor galaxies suggest that these binaries can reach parsec separation and may stall there [e.g., [27] [28] [29] .
While the Dark Matter (DM) distribution in galaxies was studied extensively in the literature, the DM profile for sub-kpc scales is largely unknown. In Naoz & Silk (2014) [Ref. 30] , we suggested that gravitational perturbations in SMBH binaries can have important implications for the DM distribution around the less massive member of the binary. The requirement that the perturbing SMBH will be more massive than the primary arises from the need to overcome general relativistic precession of the DM particle orbits [31] . Gravitational perturbations from a far-away SMBH, on a DM particle orbiting around the SMBH primary can result in extremely high eccentricities due to a physical process known as the "Eccentric Kozai-Lidov" (EKL) mechanism [32] . The eccentricities can reach extreme values [33] such that the pericenter passage of the DM particle reaches the SMBH ergosphere (or even the event horizon) [30] . This process results in a DM torus-like configuration around the * snaoz@astro.ucla.edu less massive SMBH [30] . These surviving particles were initially in a less favorite EKL regime of the parameter space, compared to those that reached high eccentricities.
The low-energy, low angular momentum orbit of a test particle around a spinning black hole has been addressed in the literature upto 4th order in the post-Newtonian approximation [34] , and may yield an increase of the DM density around a rotating SMBH [35] . The EKL mechanism in SMBH binary systems results in extremely low angular momentum orbits of the DM particle [30] , eventually decoupled from the companion SMBH and accumulating in the vicinity of the primary SMBH.
Here we show that the accumulation of DM in the ergosphere of an SMBH can reach such high densities as to allow for formation of self-gravitating DM clumps. Such a clump then emits a gravitational wave (GW) emission signal, potentially detectable by LISA, while possibly undergoing self-annihilation. This process may yield a unique co-signal of GW emission and high energy electromagnetic signature arising from the self-annihilation process of DM.
II. SELF-GRAVITATING DM CLUMPS
DM is expected to be inhomogenous and clumpy [36] [37] [38] . This clumpy nature can be explained as a simple extrapolation to very small scales of the primordial power spectrum, and in large parts of the Universe these clumps are expected to be free from gas [39] [40] [41] [42] . Furthermore, some DM clumps may have formed shortly after or during radiation-matter equality due to phase transitions, topological defects, or collapse into primordial perturbations [37, 43, 44] . Moreover, these clumps may have formed at earlier epochs due to accretion onto primordial black holes [45] . Regardless of their formation mechanism, these clumps need to be self-gravitating in order to Typical density and physical scales in the system. Top panel: we consider the self-gravitating density required at Rmin (blue line). We also show (red, horizontal line) the maximum clump density for a self-gravitating, selfannihilating DM clump within a dynamical time scale (adopting mχ = 100 Gev DM particle). Bottom panel: relevant physical scales in the system. We consider the ergosphere scale, Rmin (Eq. (2)), as well as the tidal radius, Rt, (Eq. 1), for ρ cl = ρ cl,max . We also show the typical "thickness" scale of the self-gravitating clump, ∆R, see text.
resist disruption from other objects in the Universe.
In the vicinity of a SMBH with a mass M • , we define the tidal radius, at which the gravitational tidal field of the SMBH overcomes the DM clump self-gravity:
where ρ cl is the density of the DM clump. In Naoz & Silk, we showed that gravitational perturbations forming a distant SMBH can develop high eccentricity excitations to the DM particle orbits reaching all the way to the ergosphere radius. The latter is estimated as (depicted in the bottom panel of Figure 1 ) :
where c is the speed of light and G is the gravitational constant. We find the critical density for a selfgravitating clump at the ergosphere by setting R min = R t . In other words,
This critical density is depicted in Figure 1 , top panel.
Assuming that DM self-annihilates places an upper limit on the DM density of a clump by requiring that the clump does not self-annihilate within a given time t. In other words:
where σv is the thermal velocity-averaged annihilation cross-section times the particle velocity, m χ is the mass of the DM particle. Considering the DM distribution in galaxies, the relevant time-scale is typically the age of the system, which results in a saturated core density, ρ sat , at the center of a galaxy [46] [47] [48] . Here we adopt the dynamical timescale, t D , of the self-gravitating clump [49] , that describes a significant change to the clump due to its own gravity
Thus, setting the time in Equation (4) to be the above dynamical time, we can obtain an upper limit on the clump's density, for self-annihilating, self-gravitating clumps
In Figure 1 , we show this upper limit for m χ = 100 Gev DM particles and adopting the canonical velocity-averaged annihilation cross-section times velocity σv = 3 × 10 −26 cm 3 s −1 [50] . From the comparison between ρ SG and ρ cl,max , we find a minimum SMBH mass that can allow formation of a self-gravitating spherical clump:
For m χ = 100 Gev DM particles, we find M •,lim ∼ 1.5 × 10 7 M . This is the mass at the crossing point between ρ SG and ρ cl,max , depicted in Figure 1 . Larger DM mass particles will result in smaller limiting masses. We stress that the above scaling corresponds to spherical symmetry which is not an accurate representation of the configuration of this system, and thus this limit should be treated as an order-of-magnitude estimate.
III. ACCUMULATION AND ANNIHILATION OF DM
Naoz & Silk pointed out that DM particles are accumulated into the vicinity of the ergosphere of an SMBH, due to the gravitational perturbations from a companion that is a far-away SMBH, i.e. via the aforementioned EKL mechanism. As the DM particles accumulate on the ergosphere, they may reach self-gravitating densities. Therefore, the accumulated mass as a function of the time M acc , due to the EKL mechanism of the system, can be estimated from the dynamical simulations presented in Naoz & Silk (2014) . In that work, we showed that the accumulation rate as a function of time has similar time dependency for different SMBH primaries (this is an expected result from the EKL mechanism [32] ). We thus adopt this time dependence for an assumed DM distribution upto the SMBH sphere of influence. Gondolo & Silk (1999) [Ref. 46] showed that the distribution of DM can be enhanced around the centers of galaxies, at a radius which is at the order of the SMBH sphere of influence. We thus adopt the following density profile, inwards of the sphere of influence [46] ,
and assume a NFW profile for r > R spike . The latter can be then connected to different SMBH masses via the m − σ relation [51] . From Eq. (4), the saturated density is ρ sat = m χ /( σv t • ), where we adopt t • = 10 10 yr as the age of the SMBH. The power-law index γ is expected to be between 2.25 − 2.5 [52] , and in what follows we adopt γ = 7/3 [53] . Demanding continuation between the different profile segments, we find the spike radius, R spike , and the saturated radius, R sat , (shown in bottom panel of Figure 1 ).
The DM mass accumulation as a function of time is depicted in Figure 2 , top panel. As shown in this Figure, for about 10 8 yr, there is continued accumulation of mass onto the ergosphere. The total mass accumulated (integrated over time), is about 15% of the mass in the sphere of influence due to the EKL mechanism [30] . Note that this is a lower limit, which take into account the possibility of high eccentric particles that are captured by the massive SMBH perturber [54] , but can be as high as ∼ 50% if the perturber SMBH grows in mass [30] .
The height scale associated with the mass that accumulated in the vicinity of the SMBH is on the order of ∆R = ηGM acc /c 2 , where η > 2 (to avoid a singularly). In Figure 1 , we show ∆R(max[M acc ]) found from the self-gravitating density over a volume of ∼ 4π(2GM • /c 2 ) 2 ∆R. For this case, we find that η = 16/3. Due to the deviations from spherical symmetry (smaller surface area) in the accumulated material, we expect ∆R to be larger than depicted in Figure 1 .
For annihilating DM particles, these high densities will undergo rapid annihilation. The annihilation timescale is estimated as
shown as dotted lines in the bottom panel of Figure 2 . We note that we use ρ SG rather then ρ cl,max , because the former represents the maximum density at which the clump self-gravity will overcome the SMBH tidal forces, irrespectively of self-annihilation. However, the strong gravitational field of the SMBH may affect the dynamics, 8). Bottom panel: the relevant time-scales in the problem. We show the GW time-scale, where we consider the maximum accumulated mass, and thus this is the shortest GW merger time-scale. We also consider the dynamical time-scale for a self-gravitating clump, Eq. (5), (which is independent of annihilation processes). This timescale represents a significant change that a spherical clump undergoes due to its own gravity. Finally we consider the annihilation time-scale (Eq. (9)) which is much shorter than the GW merger timescale.
and thus, Equation (9) underestimates the annihilation timescale for masses below M •,lim . While the clump selfannihilates, the ergosphere accumulates more DM particles via the EKL mechanism (as depicted on Figure 2 , top panel).
IV. GRAVITATIONAL WAVE EMISSION SIGNAL
The orbit of a self-gravitating clump will shrink due to gravitational wave (GW) emission. We estimate the merger timescale [55] , although we note that the clump is not a point mass, on the other-hand, due to the EKL accumulation, it does not exhibit radial symmetry either. Below, we first estimate the mass for a clump at R min , adopting the maximum accumulated mass (see Figure  2 ), thus having a lower limit on the merger timescale between the clump and the SMBH. As depicted in Figure  2 , bottom panel, the merger timescale via GW emission is much longer than the annihilation timescale. Thus, while the clump undergoes self-annihilation it emits a GW signal. The high density around the SMBH will be replenished for about 10 8 yr, yielding continued GW and Examples for GW signal in LISA band. We consider 4 yr observational window for source at 0.02 Gpc and 2 Gpc, top crosses and bottom circles, respectively. We consider a range of SMBH masses from 10 9 M (cyan, left), to 10 5 M , (blue, right). Over-plotted is the LISA sensitivity curve [56] . If DM self-annihilates, we find a limiting mass, M •,lim , (corresponding to a maximum GW frequency) that can sustain the self-gravitating densities. We over-plot the corresponding GW frequency of this mass (dashed red line).
electromagnetic signals.
We note that the accumulation of DM particles due to the EKL mechanism results in a clump that does not have a spherical distribution around the SMBH. Thus, the actual waveform of such a signal is rather complicated and depends on the orbital dynamics of a test particle in a strong gravitational field [34] . We therefore estimate the dimensionless characteristic strain for a circular orbit, which represents the order-of-magnitude of the expected signal [57] .
The GW frequency f of a circular orbit is twice the orbital frequency, and the dimensionless characteristic strain is [55] 
where T obs is the observation time window and h 0 (a, f ) is defined as
where D l is the luminosity distance and a is the semimajor axis of the two objects. Below we adopt a = R min . Note that these calculations do not include the spin of the SMBH, they are order of magnitude consistent with the latest implementation of the analytical model of Extreme Mass-Ratio Inspirals (EMRI) that does include the spin of a SMBH for point mass inspiral [58, 59] . Since the EKL mechanism yields an influx of DM particles for about 10 8 yrs (Figure 2) , we can consider a long observational window with LISA. Figure 3 depicts the GW signal for two example sources observed for T obs = 4 yr. The first is located 2 Gpc away and the other located 0.02 Gpc from us. We consider a range of SMBH masses (from 10 5 M , to the right, to 10 9 M to the left). As can be seen in the Figure, LISA will be sensitive to a large range of the SMBH mass parameter space, as well as to distant sources.
One may consider an observational window proportional to the annihilation time-scale. This time-scale covers a large range, from about a month (∼ 30 d, for 10 9 M ) to less than a minute for the low mass SMBHs. This short time-scale is still within the LISA sensitivity window. It is unclear how LISA will handle very short observational windows. However, as mentioned above, we expect a continuous accumulation of DM in the ergosphere, thus, short time-scales, which may be associated with burst-like signals, are less probable.
V. DISCUSSION
We have shown that, thanks to the EKL mechanism, in SMBH binaries, a self-gravitating DM clump may exist near the ergosphere of a spinning SMBH. DM may accumulate there, over long time0-scales allowing for replenishing the possibly self-annihilating DM particles. The mass of the clump can be high enough to allow for a GW signal, detectable by LISA. Our results suggest that this GW signal will be accompanied with high energy electromagnetic signal, from possible DM self-annihilation process.
Note that if the DM does not self-annihilate into particles with detectable signatures, as is the case for gravitinos, DM particles may accumulate to extreme masses in the close vicinity of the SMBH. Some of them may accrete onto the SMBH, however, the high mass clump around the SMBH may result in, for example, gravitino decay products [60] . Moreover, the GW signal in such a case may be even stronger, as the accumulating mass will only increase.
SMBH binaries are a natural consequence of galaxy formation, consistent with observations [61] . We therefore expect that not only the torus-like DM distribution will be a generic outcome of SMBH binaries [30] , but also have a GW signal from self-gravitating DM that accumulates in the close vicinity of the SMBH. If DM selfannihilates, we predict that the GW signal will also be accompanied by a high-energy signal.
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